Introduction
Endogenous lipid peroxidation products such as malondialdehyde, crotonaldehyde, and 4-hydroxy-2-nonenal are particularly potent in forming adducts during periods of oxidative stress. 1 The type and quantity of fatty acids in the diet is also of significance in those trans-fatty acids, and their metabolic derivatives seem to lead to excessive formation of adducts. The initial identification of exocyclic adducts was in the 1960s; numerous studies have been reported on the identification, chemistry, and biology of various exocyclic adducts originating from both environmental and industrial sources 2 [1,N 2 -ethenodeoxyguanosine, N 2 ,3-ethenodeoxyguanosine ( dG), 3,N 4 -ethenodeoxycytidine ( dC), and 1,N 6 -ethenodeoxyadenosine ( dA) produced by chloroethylene oxide and chloroacetaldehyde, reactive metabolites of the human carcinogen, vinyl chloride]. dA and dC have also been identified in mice treated with vinyl carbamate or ethyl carbamate. 3 Recently, these two adducts were shown to exist in liver DNA of untreated rats and humans, 4 suggesting their formation from certain endogenous sources. In fact, Ghissassi et al. 5 have shown that lipid peroxidation products cause the formation of dA and dC. The levels of DNA adducts in human leucocytes has been found to vary with a number of lifestyle, environmental, and chemical-exposure factors. Cancers with poorly defined etiology may be explained once DNA adducts are identified. It has been reported that the existence of DNA adducts bring the danger of carcinogenesis because of mispairing with normal DNA bases. 4 Exocyclic DNA adducts are a unique class of ring-extended modifications 6 formed by a wild range of chemicals. DNA adducts play a role in vinyl chloride induced tumorigenisis. 7 DNA adducts are also implicated in many types of human cancer, especially where persistent oxidative stress leads to malignancy by increasing mutations and genomic instability at the DNA level. The detection of DNA adducts as promutagenic markers enables, in some patients, an understanding of cancer risk. It also defines and promotes active intervention measures aimed at reducing exposure to the offending chemicals or moderation of the endogenous processes responsible for some adducts. This is particularly so where the level of and destructive activity of metal adducts can be reduced by the use of nutritionally important.
It would be a great subject of interest to study the interaction of 1,N 6 -ethenoadenine adducts ( A) and 1,N 6 -ethanoadenine adducts (EA) as DNA adducts and thymine as nucleic acid base. 1,N 6 -Ethanoadenine adducts differ from etheno adducts by the change of a double to a single bond in a five-member exocyclic ring and are formed by chloroethyl nitrosoureas, which are used in cancer therapy. 8 The intrinsic mutagenic potential of 1,N 6 -ethenoadenine adduct has been investigated in Esherichia coli (E. coli) and mammalian cells. 9 Experimentally, it has been shown that A is highly mutagenic. 10 We would like to investigate the changes for the gas phase of interaction in A-T and EA-T complexes, including different structures. It may provide a possible cause for DNA damage and aid in future experimental studies toward the understanding of the adenine adduct-thymine complexes ( A-T, EA-T).
In , and compared the difference in their geometrical structures, energetic properties, and hydrogen-bonding strengths with Watson-Crick adenine-thymine base pair (A-T). It is also insightful since it provides a fundamental understanding of adenine adduct and thymine interaction at the molecular level.
In recent years, so as to understand the various biochemical processes including point mutation, several studies on tautomeric equilibria of nucleic acid bases and their interaction with ions in the gas phase have been reported. [11] [12] [13] [14] [15] [16] [17] [18] However, the biochemical process is predominantly a solution-based discipline with water providing the ubiquitous solvent. We are aware of such a solvent effect, which will be the aim of our future projects.
Computational Methods
The geometry and harmonic vibrational frequencies of A, EA, thymine, and the resulted different possible geometries for A-thymine complexes and EA-thymine complexes have been calculated using density functional theory (DFT) method with the Pople type split valence basis set (6-31+G*). For hydrogenbonded systems, it is expected that both diffuse and polarization function are necessary in the basis set. B3LYP [19] [20] [21] [22] is chosen as density functional for this study. This is a hybrid functional consisting of Becke's exchange functional, the Lee-YangParr correlation functional, and a Hartree-Fock exchange term. DFT has been successfully used to study hydrogen-bonded complexes, [23] [24] [25] [26] [27] [28] [29] [30] [31] even the most weakly bound systems. 32 Besides, previous DFT studies [29] [30] [31] 33 clarified that one has to apply gradient correction in both the exchange and the correlation part of the potential to get meaningful results in the intermolecular framework. Hybrid DFT functionals, such as B3LYP, by their very nature, already include a part of correct asymptotics via Hartree-Fock exchange, which improves the overall asymptotic behavior of these functionals. Single-point energy calculations at the MP2/6-311++G** levels on B3LYP optimized geometries have also been carried out to better estimate the hydrogenbonding strengths. The calculated hydrogen-bonding energies are corrected for the basis set superposition error (BSSE), using counterpoise method. 34 The electronic structure calculations have been performed using the GAUSSIAN 03 program. 35 The optimized parameters for the Watson-Crick A-T complex and corresponding monomers using the B3LYP/6-31+G* method have been computed (cf. Suppporting Information Table 1a ). A great deal of experimental as well as theoretical work has been carried out to investigate the structure and energetics of the A-T base pair so as to determine the effects of Watson-Crick type hydrogen bonding and its tautomeric transitions on the vibrational spectra of the nucleic acid bases, adenine and thymine. Since we are going to compare the differences in the geometrical structures, energetic properties, and hydrogen-bonding strengths of our current study for the interaction of adenine adducts, A and EA with thymine, we would like to compare our computed structural parameters for A-T base pair, with reference to previous experimental and theoretical observations 11, [36] [37] [38] [39] [40] [41] [42] (cf. Supporting Information Table  1b ). The computed hydrogen bond lengths show the notorious discrepancy with experimental values. The source of divergence seems to be the molecular environment (water, sugar hydroxyl groups, and counter ions) of the base pairs in the crystals studied experimentally. This has been missing, so far in all theoretical models; however, by using B3LYP/6-31+G*, our computed data exhibit superior results to those obtained with HF methods [38] [39] [40] and comparative to those obtained with previous DFT study. 11, 41, 42 The calculated geometry parameters for the complexes A(1)-T(I), A(2)-T(I), and A(3)-T(I) and the corresponding monomers A and T (cf. Supporting Information SCHEME 1: Interacting Parts Considered for the Adenine Adducts (EA and EA) and Thymine in Our Study 
Results and Discussion

)-T(I), A(2)-T(I), and A(3)-T(I)
, is observed to increase around 0.02 Å as compared to that for the thymine monomer. In the A(2)-T(I) complex, the bond length N 1 -H 15 is involved in second hydrogen bonding also found to be 1.025 Å as compared to those of 1.011 Å for the A monomer. The bond angle ∠C 18 N 16 C 17 of thymine monomer is found to be decreased from 128.0 to 126.8°, to 127.0°, and to 126.8°for all three complexes A(1)-T(I), A(2)-T(I), and A(3)-T(I), after complexation, respectively. Conversely, the bond angles ∠C6N7C8, ∠C11N13C14, and ∠C2N4C5 are found to be increased slightly for A(1)-T(I), A(2)-T(I), and A(3)-T(I), respectively, and ∠C14N1C2 found to be decreased ∼1°as compared to those of the A monomer. The calculated geometry parameters for the complexes EA(1)-T(I), EA(2)-T(I), and EA(3)-T(I) and the corresponding monomers EA and T (cf. Supporting Information Table 2b ) also show that the bond length N 16 -H 28 , involved in hydrogen bonding for all three complexes EA(1)-T(I), EA(2)-T(I), and EA(3)-T(I), is observed to be increased around 0.023, 0.026, and 0.019 Å, respectively, as compared to that of the thymine monomer. In the EA(1)-T(I) complex, the bond lengths C6-N7, N7-C8, and C17-O29 are also found to be slightly increased compared to bare EA and thymine, respectively. In the EA(2)-T(I) complex, the bond length N1-H15, which is also involved in second hydrogenbonding, was found to be 1.024 Å as compared to that of 1.011 Å for the EA monomer. After complexation, the bond angle ∠C 18 N 16 C 17 of the thymine monomer is found to be decreased from 128.0 to 126.8°, to 126.9°, and to 126.7°for all three complexes EA(1)-T(I), EA(2)-T(I), and EA(3)-T(I), respectively. Conversely, the bond angles ∠C6N7C8, ∠C11N13C14, and ∠C2N4C5 are found to be increased slightly for EA(1)- However, significant changes in the dihedral angles for ethano-adenine-thymine complex (cf. Supporting Information Table 2b ,d) have also been observed after complexation, whereas, for the etheno-adenine adduct, the dihedral bond angles remain unaltered (cf. Supporting Information Table 2a,c). Due to the presence of the more flexible exocyclic ring including four hydrogen atoms in the ethano-adenine adduct, thymine acts on ring accessibly, as a result of the dihedral angles; ∠C6N7C8C9, ∠N7C8C9N10, ∠H31C8C9N10, ∠H32C9C8N7, ∠H33C8C9N10, and ∠H34C9C8N7 have remarkable changes as compared to bare EA, after complexation with thymine (cf. Supporting Information Table 2b Table 1 . The hydrogen bond is a unique phenomenon in structural chemistry and biology. Its fundamental importance lies in its role in molecular association and is considered as an important factor in stabilizing bimolecular structures. From Table 1 , it can be observed that the hydrogen bond lengths N7-H28 and O29-H31 in A(1)-T(I) complex are found to be 2.018 and 2.329 Å, respectively, and in EA (1) 
.892 Å) for the A(1)-T(II) and EA(1)-T(II) complexes, respectively, whereas O29-H31 is found to be 2.726 Å for A(1)-T(II) complex and N4-H30 is found to be 2.691 Å for EA(1)-T(II)
complex. The corresponding bond angles ∠N7H24N20 are 173.7 and 178.5°for A(1)-T(II) and EA(1)-T(II) complexes, respectively, whereas ∠C8H31O29 is found to be 127.9°for A(1)-T(II) and ∠N4H30C23 is found to be 151.7°for EA-(1)-T(II). In A(2)-T(II) and EA(2)-T(II) complexes, the hydrogen bond lengths are N13-H24 (2.024 and 1.970 Å, respectively) and O21-H12 (2.219 and 2.234 Å, respectively) and the corresponding bond angles ∠N13H24N20 (169.5 and 170.3°, respectively) and ∠C11H121O21 are found to be approximately the same (146.2 and 146.0°). The hydrogen bond lengths in A(3)-T(II) and EA(3)-T(II) complexes are N4-H24 (1.903 and 1.880 Å, respectively) and O21-H3 (2.396 and 2.482 Å, respectively) and the corresponding bond angles are ∠N4H24N20 (167.8 and 169.1°, respectively) and ∠C2H3O21, found to be 130. 3 
and 128.0°, respectively. On comparing the three different complexes A(1)-T(II), A(2)-T(II), and A-(3)-T(II)
, it has been observed that, out of the two hydrogen bond lengths, N-H‚‚‚N is shorter and has more linear corresponding bond angles as compared to C-H‚‚‚OdC. Similar observation is also found for the three different EA(1)-T(II), EA(2)-T(II), and EA(3)-T(II) complexes. More details regarding strong or weak interaction will be discussed in next section. 
)-T(I), A(2)-T(I), A(3)-T(I) and EA(1)-T(I), EA(2)-T(I), EA(3)-T(I)] and [ A(1)-T(II), A(2)-T(II), A(3)-T(II) and EA(1)-T(II), EA(2)-T(II), EA(3)-T(II)]
, using B3LYP/6-31+G* are presented in Table 2 . Out of the three different etheno-adduct-thymine(I) complexes, A(2)-T(I) complex is observed to be the most stable, whereas A(3)-T(II) complex is found to be the most stable out of the three different etheno-adduct-thymine(II) complexes. The stability 41 and B3LYP/ 6-31G** (12.3 kcal/mol)]. 42 From the previous section, as it has already been observed, strong interaction for A(2)-T(I) complex associated with the N-H‚‚‚N and N-H‚‚‚O hydrogen bond lengths is now confirmed to be most stable and to have the maximum amount of hydrogen-bonding strength among the different etheno-adduct-thymine complexes. Among the three different ethano-adduct-thymine(I) complexes, it has been observed from Table 2 that EA(2)-T(I) complex is most stable, and out of the three different ethano-adduct-thymine(II) complexes, the total energies for both EA(1)-T(II) and EA-(3)-T(II) are approximately same. However, EA(2)-T(I) complex is observed to be the most stable as compared to those of EA (1)
-T(II) and EA(3)-T(II) complexes. The stability order is found to be EA(2)-T(I) > EA(3)-T(II) > EA(1)-T(II)
, taking all six different ethano-adduct-thymine complexes into account. The BSSE corrected hydrogen-bonding strength is also found to be in the same sequence, EA(2)-T(I) (13.81 kcal/ mol) > EA(3)-T(II) (13.47 kcal/mol) > EA(1)-T(II) (13.45 kcal/mol), as compared to those of the stability order. Since it has already been observed strong interaction for EA(2)-T(I) complex associated with the N-H‚‚‚N and N-H‚‚‚O hydrogen bond lengths is now confirmed to be the most stable and to have the maximum amount of hydrogen-bonding strength among the different ethano-adduct-thymine complexes. The hydrogenbonding strength for the most stable EA(2)-T(I) complex is around 1.0 kcal/mol more as compared to Watson-Crick A-T base pair. Now considering both etheno-and ethano-adductthymine complexes, and compared to Watson-Crick A-T base pair, the BSSE corrected hydrogen-bonding strength sequence for the most stable complexes is found to be EA(2)-T(I) >
EA(3)-T(II) > EA(1)-T(II) > A(2)-T(I) > A(3)-T(II) >
A-T, whereas the remaining complexes are found to be less in hydrogen-bonding strength compared to A-T base pair. However, single-point energy calculations at MP2/6-311++G**// B3LYP/6-31+G* have also been carried out and presented in Table 2 , so as to include electron correlation explicitly in order to obtain good representations of dispersion and electrostatic forces that are responsible for the binding of the species. From Table 2 , it can be observed that the stability sequences at MP2/ 6-311++G**//B3LYP/6-31+G* for the etheno-adduct-thymine and ethano-adduct-thymine complexes are found to be the same in order as those obtained by B3LYP/6-31+G*. The BSSE corrected binding energy strengths computed at MP2/6-311++G**//B3LYP/6-31+G* are not found to be the same in order as those obtained by B3LYP/6-31+G* with an exceptional increase in its value around 1.0-1.5 kcal/mol. It is also interesting to note that the BSSE corrected hydrogen-bonding strength at MP2/6-311++G**//B3LYP/6-31+G* for WatsonCrick A-T base pair is found to be 13.62 kcal/mol as compared to a previous report (MP2/DZP//HF//6-31G* (14.7 kcal/mol). 40 The BSSE corrected hydrogen-bonding strength sequence at MP2/6-311++G**//B3LYP/6-31+G* for the most stable complexes is found to be EA (2) Table 3 depicts the computed reaction enthalpy and Gibbs free energy corrected binding energy values for the ethenoadduct-thymine complexes and ethano-adduct-thymine complexes by using B3LYP/6-31+G* at 298.15 K. Figure 5 represents the comparative plot for the computed reaction enthalpies following the equation, given by where ∆E B.O ) electronic bonding energy, ∆E trans , ∆E rot. , and ∆E vib are changes in translational, rotational, and vibrational energy, and ∆ZPE ) zero point vibrational energy.
From Table 3 , it can be observed that the reaction enthalpy value for A(2)-T(I) is 10.05 kcal/mol, which is highest among the etheno-addcut-thymine complexes and about 1.55 kcal/mol more than those obtained for Watson-Crick A-T base pair. The Gibbs free energy corrected binding energy sequence is found to be A ( It is known that DNA damage is an alteration of the structure of a DNA molecule that prevents the molecule from being replicated and hence from being inherited. Double strand DNA damage, if not repaired, results in the loss of genetic information, which can be harmful or lethal to an individual's gametes and offspring. 43 It is believed that the results discussed above for the adenine adduct and thymine interaction at the molecular level might be intriguing as compared to normal Watson-Crick adenine-thymine base pair (A-T). Due to the interaction of adenine adduct the normal sequencing has great effect as we observed throughout our discussion with regard to the geometrical structure, energetic properties, and hydrogen-bonding 
Conclusion
The electronic structure calculations for DNA adductthymine complexes have been performed using density functional theory method (B3LYP/6-31+G*). DNA adducts are implicated in many types of human cancer, especially where persistent oxidative stress leads to malignancy by increasing mutations and results in the loss of genetic information, which can be harmful or lethal to an individual's gametes and offspring. found to be less in hydrogen-bonding strength compared to A-T base pair. However, single-point energy calculations at MP2/ 6-311++G**//B3LYP/6-31+G* have been carried out, so as to include electron correlation explicitly in order to obtain good representations of dispersion and electrostatic forces that are responsible for the binding of the species and to better estimate the hydrogen-bonding strengths. The stability sequence at MP2/ 6-311++G**//B3LYP/6-31+G* for the etheno-adduct-thymine and ethano-adduct-thymine complexes are found to be the same in order as those obtained by B3LYP/6-31+G*. The BSSE corrected hydrogen-bonding strength sequence at MP2/6-311++G**//B3LYP/6-31+G* for the most stable complexes is found to be EA (2) 
